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Introduction
Recent studies of solar wind periodic behavior focused on two ranges of frequencies, those with periods longer than a year [e.g., Richardson et al., 1994; Szabo et al., 1995; Paularena et al., 1995] , and those in the range of solar pressure-and gravity-mode oscillations [Thomson et al., 1995 , hereinafter referred to as TML; Riley and Sonnett, 1996] . The Thomson et al. [1995] study primarily examines energetic particle data from the Ulysses spacecraft (some Voyager 2 data and IMP 8 magnetic eld data were also studied, but do not form the bulk of the discussion in the paper). TML state that the frequencies they observe in their data correspond well with observed solar pressure-modes (p-modes) and with gravity-mode (g-mode) oscillations predicted by solar models. The analytic technique they use is extremely complicated and powerful. Riley and Sonnett [1996] look only at frequencies in the g-mode range, focusing on plasma and magnetic eld data from Helios 1. As with TML, the spectral analysis they use is based on the Multi-Taper Method of Thomson [1982] . Some issues have been raised about the ability of the solar wind to support well-dened modes [Roberts et al., 1996] , to which a response has been made [Thomson et al., 1996] . Since more data should contribute to the controversy, this study examines use of the more readily-accessible Lomb-Scargle method on the IMP 8 magnetic eld data for the time ranges studied by TML to see if similar results are obtained. Ulysses HI-SCALE DE1 data are also analyzed using the Lomb-Scargle periodogram technique. This same method is then applied to plasma data from IMP 8 and Voyager 2 to examine the higher-frequency behavior of the solar wind.
If solar oscillatory modes could be identied in solar wind plasma data, a huge resource would exist for analyzing the behavior of those modes over more than two solar cycles. Shifts in p-mode frequencies have been related to the chromospheric magnetic eld [Campbell and Roberts, 1989; Goldreich et al., 1991] . Knowledge of g-modes, in particular, would provide valuable constraints on the structure of the solar interior since they probe below the base of the convection zone [Libbrecht, 1988] and have not yet been unambiguously identied in other observations [Hellemans, 1996. Lomb-Scargle Analysis Method
The IMP 8 plasma and magnetic eld data were examined for periodicities using the Lomb-Scargle periodogram method [Press et al., 1992, and references therein] . This method is well-suited for determining periodicities in unevenly-sampled data such as those obtained from IMP 8, where gaps in solar wind coverage result from the spacecraft's traversal of the magnetosheath and magnetosphere. With an exception discussed later, the technique does not introduce spurious periodicities at the frequencies of the data gaps themselves, making it unnecessary to interpolate or to hold the data to a xed value across gaps. This lack o f i n terpolation across data gaps is in marked contrast to the double-pass method used in TML.
When using the Lomb-Scargle method to perform a frequency analysis, there are several variables that can be chosen which aect the appearance of the output spectrum. Most notably, one may specify the number of points used to dene peaks (the \over-sampling" factor) and the maximum frequency to be examined. In all cases used here, the over-sampling factor was chosen to be four, resulting in excellent denition of the spectral peaks. As a test, a value of eight w as chosen; there was very little dierence between the resulting spectrum and that obtained using a value of four. The maximum frequency chosen was well below the Nyquist frequency for the nominal sampling rates of the data sets used; that is, the minimum period examined was well above t w o hours for the hourly average data, and above t w o and seven minutes for the ne-resolution IMP 8 and Voyager 2 data, respectively.
There are two drawbacks to the use of the Lomb-Scargle method, both of which are nontrivial but not particularly serious. In specic situations, this method does generate strength at frequencies which represent consistent gaps in the data set. For example, the MIT plasma instrument o n I M P 8 g o e s i n to a special mode every 64 spectra (or about every 35 minutes). The data from this mode are not analyzed, resulting in a data gap of one data point. When the Lomb-Scargle method is used to search for the underlying frequencies in the data set, an approximately 35-minute period often shows up with a strength three to four times that of the nearby periodicities. The top panel of Figure 1 shows the periodogram for the IMP 8 speed during the rst eighth of 1986, when the appearance of the 35-minute peak is particularly clear. A very similar period is also present in ISEE-3 electron data from that same time, diering primarily in that it appears to be a subharmonic of a longer period peak at half the frequency. The ISEE-3 data were acquired using an electrostatic analyzer, an instrument which uses particle counts to measure the solar wind, rather than currents as for the IMP (MIT) Faraday cup experiment. The similar frequency behavior appeared to be independent since the spacecraft and instrument techniques were independent.
The middle panel of Figure 1 shows that the same peak also appears in a 27-day period sine wave sampled at the times of the IMP 8 data values. This peak is not a function of the period of the sine wave, since both 25.95-day and 17-day sine waves, sampled at the IMP 8 data times, also show the same 35-minute periodicity. H o w ever, as shown in the bottom panel of Figure 1 , the strength at that period disappears as more points are added across the data gaps. The similar peak in the ISEE-3 spectrum also disappeared after interpolation, demonstrating that, as with the IMP 8 spectrum, repetitive data gaps were the source of the peak. Neither of these eects are a result of errors in the interpolation, since the 35-minute peak also vanished for the sine periodogram when sine values were calculated for the intermediate times. Thus, the disappearance of the peak is a direct consequence of removing the source of the periodic behavior. That is, removal of the data gaps removes the strength at the frequency of the data gaps.
It is important to note, however, that the longer gaps in solar wind data coverage (on the order of four days), during which I M P 8 e n ters Earth's magnetosheath and magnetosphere, do not contribute spurious strength to the periodograms. As above, this was tested by using a sine wave sampled at the IMP 8 data times. It appears that only the highly-regular data gaps, which create articial clumps in the data set (in eect, producing a sort of meta-sampling, with its own aliasing frequency), act to produce strengths which are not based on the inherent frequencies of the data. The second drawback of the Lomb-Scargle method is the diculty of assigning statistical measures of condence to the resulting frequency peaks. The methods suggested in Press et al. [1992] are only applicable to data which are Gaussian in distribution, which is not the case for solar wind parameters [see, for example, Burlaga and King, 1979, Feynman and Ruzmaikin, 1994] . Trying to assume that the data are nearly Gaussian and that one can thus approximate the condence levels of peaks using the method suggested by Horne and Baliunas [1986] , gives unreasonable results (see also Koen, [1990] ). For example, the 27-day period sine wave data set discussed above consists of 11566 points; using equation 13 of Horne and Baliunas [1986] gives the number of independent frequencies as 144,888. This determination results in a peak of strength value 18.79 having a false alarm probability of 0.001 (that is, the probability that the peak is false is 0.1%). There are 331 peaks in the periodogram which h a v e periods less than 48 hours and are signicant at the 0.1% level. Clearly, for a smooth function such as the sine, it is unlikely that these peaks are actually representative of underlying frequencies. The number of independent frequencies is reduced if data points are clumped together. Horne and Baliunas [1986] suggest that the number of independent frequencies may decrease by the reciprocal of the number of data points in a clump (that is, for clumps of three data points, the number of independent frequencies will be one-third that calculated). However, it is extremely dicult to know what the clumping used should be for various data sets, especially for the IMP 8 data.
Press et al. [1992] suggest an alternate method, which determines if a peak is signicant b y comparing its strength to the maximum power in the periodogram for random numbers sampled at the data times. Unfortunately, this method also requires that the data be Gaussian in distribution. Again assuming that the minimum condence level for peaks could be approximated even though the data are nonGaussian, this method was tested using uniformly-distributed random numbers sampled at the 27-day sine wave data times. The resulting periodogram shows a maximum power of 12.7 (relative units). For the 27-day sine wave data discussed above, 463 peaks occur with strengths greater than 12.7 and periods less than 48 hours. Obviously, as with the previous method, too many peaks would be identied as signicant. Therefore, rather than attempt to assign statistical signicances to the various peaks, the periodogram for each parameter is normalized to the strength of the largest peak in the frequency range being examined. This focuses examination on the relative importance of the peaks displayed. It also permits a better comparison between data sets, such a s b e t w een the plasma and magnetic eld data, emphasizing the relative contribution of each frequency in the range shown. One concern, given the uncertainty of the statistical signicance, is whether peaks at the frequencies of interest can actually be identied in such rich spectra. To test how the amplitude of an input signal aects the appearance of the output periodogram, two approaches are used. The rst approach is to create synthetic data with signals of known frequency and amplitude, similar in dynamic range to the observations, and examine the resulting spectral peaks. However, this approach neglects any eects of noise in the data analyzed, so the second approach is to add a signal of known amplitude to a real data set and determine if it is distinguishable in the periodogram.
The top panel of Figure 2 shows an articial ux data set. Values whose distance in time are separated by less than 1.08 minutes (just slightly over the nominal IMP 8 plasma sampling rate) are connected by solid lines. This data set was produced by starting with a 27-day period sine wave of approximately the average magnitude of the ux data during this period: sine27 = 15000sin(:074t) + 15000;
( 1) where t is the time in decimal day of the IMP 8 observations during days 228 through 243 of 1991. To create a richer frequency spectrum, 100 more sine waves with frequencies ranging from 1.44 minutes (less than the Nyquist frequency) to 7 days were added to the initial 27-day period sine wave. The nal articial data set was the result of the summation
where C 1 and C 2 are two randomly-generated constants with values between 0 and 1, and 2 is the period of the signal being added. Although this data set lacks the type of shock-related structure typical of the solar wind during solar maximum (in 1991), it contains enough frequencies to appear much like real data. The amplitudes of the sine waves having frequencies between 2000 and 3000 Hz are shown in the middle panel of Figure 2 . The bottom panel shows the periodogram in that frequency range which results from analysis of the articial data set generated above. The strengths have been normalized to the highest strength in the frequency range shown. The noise at very low strengths can be reduced by detrending the data rst (for example, a second-order polynomial removes much of the eect of the 27-day period sine wave), but this was not done in order to produce a periodogram more like one using real data. As can be seen, the strength of the peaks at each frequency is related to the corresponding input signal's amplitude, though it is not a purely linear relationship. This can be seen by comparing the normalized peaks with the overplot of normalized input amplitudes. However, it is clear that stronger peaks generally result from larger input amplitudes.
Because the noise characteristics of real data are hard to reproduce in an articial data set, the next test is to introduce an articial frequency into a real ux data set and determine the amplitude which such a signal would require in order to be observed in the resulting periodogram. The top panel of Figure 3 shows the IMP 8 proton ux data set for days 237 through 243 of 1991. Here again the solid lines connect points whose time separations are no greater than the nominal IMP 8 plasma sampling time of 65 seconds. For comparison, the size of the articial input signal used (an amplitude of 100x10 5 =s cm 2 ) is shown. The bottom panel of Figure 3 shows the input signal which was added to the ux data set; the frequency was chosen to be 2860 Hz since the data periodogram has almost no strength at that frequency. Again, gaps result from data gaps in the IMP 8 proton ux data set.
The top two panels of Figure 4 show the resulting periodograms, again with strengths normalized to the largest peak in the displayed frequency range. The top panel shows the ux periodogram in the 2800 to 2910 Hz frequency range. Four optical p-mode frequencies reported in TML Table 3 are plotted on all three panels using dashed vertical lines. The articial input frequency of 2860 Hz is plotted with a dotted line. As can be seen in the middle panel, the periodogram resulting from the analysis of an articial data set consisting of the sum of the ux data with the input 2860 Hz sine wave shows signicant strength at the expected location. In fact, this peak is the third highest in the frequency range shown. Recalling that the average amplitude of the ux data set is 4500x10 5 =s cm 2 , i t i s o b vious that even small amplitude signals can have an observable eect on the periodogram. Spectral leakage appears to be fairly limited (at least in this frequency range), as is shown in the bottom panel, which plots the dierence between the periodogram of the articially-enhanced data set and that of the ux data set. Here, the leakage into the closest side lobes is down by a factor of six, and drops o to almost nothing within a few tens of Hz. Since the test using a completely articial data set showed that the strength of a frequency's peak was related to the amplitude of that frequency's signal in the data, it seems clear that even a rather small signal should show an observable peak in real data, and thus that the Lomb-Scargle periodogram method should produce reasonable identication of underlying frequencies in solar wind data.
Analyzed Data Sets
In order to focus this examination on the same frequency behavior being reported by TML, IMP 8 and Voyager 2 data were selected from various time periods identical to those chosen by TML. The data sets used in this study were derived from two spacecraft, IMP 8 and Voyager 2. Data from both the MIT plasma experiment and the magnetic eld experiment o n I M P 8 w ere analyzed; only plasma data from the MIT plasma experiment (PLS) were used from Voyager 2. In contrast to the 0.52 to 1.25 MeV protons of the Voyager 2 data set used by TML, the PLS provides proton data in the 10 eV to 6 k eV energy range [Bridge et al., 1994] , while the IMP 8 plasma data cover protons in the 60 eV to 6.9 keV range [Bellomo and Mavretic, 1978] . IMP 8 orbits the Earth at 35 Re (Earth radii), giving it a 1 AU ecliptic position that varies in solar longitude; Voyager 2's longitude is roughly constant but its radial distance and heliographic latitude vary with time. During the 1985 time period covered by group 7 of TML's Table 1 , Voyager 2 stayed very near the solar equator, while its radial distance ranged between approximately 16 and 19 AU. For the high-resolution data analyzed from late 1992, Voyager 2's approximate position was 38 AU and 7 degrees south of the ecliptic. Finally, one Ulysses data set was analyzed for more direct comparison with the results of TML. The chosen data set was that of TML group 8 { HI-SCALE DE1 electron data in the 38 to 53 keV energy range. Although Ulysses was between approximately 48 to 80 south latitude at this time [TML] , this data set was chosen since it was closest in energy to the proton ux data sets used here. Table 1 summarizes the various data sets from which results are discussed in this paper.
The IMP 8 hourly-average magnetic eld and plasma data were selected from the time ranges covered by groups 12 and 13 from Table 1 of TML. These time ranges are from day 225 (August 12) of 1978 to day 3 2 ( F ebruary 1) of 1980, and from day 3 2 o f 1980 to day 315 (November 11) of 1981. They are referred to as MAG 12 and MAG 13 in this paper. The Voyager 2 hourly-average plasma data were selected to cover the time range of group 7, from day 79 (March 20) of 1985 to day 19 (January 19) of 1986. Other time ranges were examined using data from the same instruments, with similar results, but for the purposes of comparison with TML, primarily analyses of the same time periods are reported here. However, the IMP 8 ux data covering the same days in 1991 as TML groups 10 and 11 were also analyzed to look for spectral consistency over time. Also, as mentioned above, Ulysses' HI-SCALE DE1 electron ux data and the corresponding IMP 8 proton ux data were analyzed for the time period of TML group 8, days 1 through 245 of 1995.
Finally, the ne-resolution IMP 8 plasma data and the Voyager 2 plasma data were examined during the two time periods from which TML used Ulysses data to look for solar p-mode frequencies. These periods comprised two eight-day segments covering the days 228-243 (August 15 through August 30), 1992. For the purposes of this paper, a data set covering the entire 16-day time range was used; since the TML frequencies were reported present in both segments it was felt that the statistics could be improved without loss of coincident frequencies. [In fact, the spectra of the separate segments did not show more consistency with the TML frequencies.] Here, the data used were the highest resolution available from the MIT plasma instruments on IMP 8 and Voyager 2 (1-minute and 192-second resolution, respectively). Because the position of Voyager 2 at that time was so much farther out in the heliosphere, the spectrum was analyzed both for the TML time period and for a time period corresponding to a time-shifted solar wind. The time shift used was the dierence in radial distance (37 AU) divided by a 50-day running average of the Voyager 2 observed speeds. This resulted in a compressed time period of only 14 days, from day 5 through day 1 8 o f 1993. The dierences in heliographic position (other than radial distance) were not considered to be of importance in the time shifting because solar modes, if present, should be observable at all latitudes and longitudes.
Observations
All the data sets show a great deal of character in their periodograms. As discussed above, the peaks are well-separated since an over-sampling factor of four is chosen. The diculty is to determine which peaks are meaningful in the representation of the data's underlying frequencies. The discussion of the various gures below will be specic to those gures and their associated frequency ranges, but the conclusions are supported by examination of other time and frequency ranges. Figure 5 shows IMP 8 magnetic eld data periodograms for two frequency ranges: 46 to 48 Hz (bottom panel; periods between 6.04 and 5.59 hours), and 55 to 57 Hz (top panel; periods between 5.05 and 4.87 hours). The one-standard-deviation bounds for frequencies from Table 2 of TML are shown as the dashed lines on these plots; each frequency is bounded by its value 0.005 Hz. Also shown on each panel is the periodogram for a 27-day period sine wave sampled at the MAG 12 data times (MAG SINE). The MAG 13 and MAG SINE plots were shifted upwards by the addition of 1.0 and 2.0, respectively, to their values. This gure clearly demonstrates two points: 1) it is hard to choose any particular peak as being signicant, especially given the plethora of relatively strong peaks, and 2) there is a great deal of correspondence between the frequency spectra of the magnetic eld data and the spectrum of the 27-day period sine wave. In particular, there is a strong peak near 46.37 Hz which occurs in all three data sets (although the MAG SINE data set shows it at a frequency outside the 0:005 Hz boundary). This peak is the most powerful peak in this range for the MAG 12 and MAG SINE data sets. However, it cannot represent some underlying oscillation in the sine wave data, since the data are created only by calculating the value of a sine of period 27 days at the times of the data points. This strong peak must thus represent some interaction between the sampling frequency and the sine period, and cannot represent an underlying frequency which should be considered to be a signicant observation. Yet the peaks aligned with the TML-identied frequency near 46.3 Hz are very small. Regardless of the technique used to determine statistical signicance, a nonspurious strong peak is always more signicant than a weak peak, leading to the conclusion that there are either other potentially-signicant and coincident peaks in the data spectra than the set discussed by TML, or that their peak is not signicant in this analysis. Figure 6 shows the same frequency panels as Figure 5 , using data from the IMP 8 MIT plasma experiment c o v ering the same time ranges. Comparing Figures 5 and 6 , it is clear that the frequency distribution is not really that similar for these data sets. The TML periods are shown as for Figure 5 ; it is clear that these frequencies are not particularly signicant in the ranges shown. The sine periodogram at the top is for a 27-day period sine wave sampled at the IMP 8 ux data times for TML group 12 (FLUX SINE). At these frequency ranges, it also shows very little similarity to the MAG SINE periodogram of Figure 5 . However, as with the magnetic eld data, there is evidence that the strength at some of the periodicities identied in TML is also present in a pure sine function. This indicates that some of the frequency character in the solar wind data may be due to interaction between the solar rotation period and the data sampling.
Although the purpose of this paper is not to dispute the results of TML, it is useful to compare a Lomb-Scargle periodograms of one of their electron data sets (group 8, as mentioned above) with the IMP 8 proton ux periodograms in the same frequency ranges as Figures 5 and 6. As before, the vertical lines mark frequencies identied in TML's Table 2 ; here, those frequencies for which they reported a statistically signicant peak in the group 8 data set spectrum are dashed lines, while those which they do not report as matches are dotted lines. In this case, when comparing between frequency ranges, the normalized periodograms shown can be misleading. The two matches on the bottom panel of Figure 7 appear less signicant (since their peaks are relatively weak in that frequency range). However, the true amplitudes of the closest peaks shows that the three matches all have strengths greater than 0.03 (see labels on gure), while the two nonmatches are well below that value. Again, the conclusion to be drawn from these plots, especially in comparison with the very dierent IMP 8 spectra, is that there appear to be many frequencies with amplitudes far exceeding those associated with possible solar oscillation modes, making it unlikely that such oscillations are major contributors to the plasma spectra.
However, the IMP 8 data sets are not complete because the spacecraft crosses Earth's bow shock and leaves the solar wind. Therefore, Voyager 2 solar wind ux periodograms for the TML group 7 time period are shown on Figure 8 . The three frequency ranges were chosen to highlight the frequencies which TML observed in the Voyager 2 Low Energy Charged Particle (LECP) uxes. Although there is good agreement b e t w een their 114.092 Hz peak and a peak in the top panel of Figure 8 , and reasonable agreement in the middle panel with their 95.208 Hz peak, neither peak is near the strongest in the displayed frequency ranges. The bottom panel shows that there is no agreement with the TML 35.456 Hz frequency. This lack of agreement m a y stem from the dierent analysis techniques used, or from dierences in the underlying data sets, since they were derived from two dierent instruments (PLS and LECP). However, as the other frequencies were observed, the issue appears to be one of relative strengths and thus relative statistical signicance.
Figures 9 and 10 show periodograms of the IMP 8 solar wind ux at frequencies in the range of solar optical p-mode frequencies. Each gure shows a single frequency range, with three panels for dierent data sets. The bottom panels show the periodogram for a 27-day period sine wave sampled at the data times of the 1992 high-resolution data set (days 238 through 243). The middle panel shows the periodogram for the solar wind ux data from that data set, while the top panel shows the periodogram for a similar period the previous year (1991). Especially on Figure 10 , the ux data and the sine wave periodograms show striking similarities, particularly at some of the peaks corresponding to solar optical p-mode frequencies. Also, as was mentioned in the discussion of Figure 5 , above, there are peaks in both the ux data set periodograms which are stronger (i.e., more signicant) than those associated with the p-mode frequencies. The lack of strong similarities, especially in the relative strengths of peaks, between the spectra for the 1991 and 1992 ux data seems to indicate that there are no persistently strong frequencies present in these ranges.
Again, because of the large data gaps in the IMP 8 data sets, Voyager 2 data from the TML ne-resolution time periods are also examined. Figure 11 shows periodograms for ux data from Voyager 2 and IMP 8 for three frequency ranges. Here, in order to allow such a broad range of frequencies to be displayed, the normalized periodograms are smoothed using a 9-point running boxcar average. Note that this reduces the peak values so that no peaks have a strength of unity. What is most apparent from this gure is that the two datasets only occasionally show strength at the optical p-mode frequencies, and that those strengths are generally below those of other peaks in the same frequency range. Because the propagation time used is subject to large error, and thus the time-shifting and period compression are very inexact, the spectrum is also presented for the same dates (days 238-243, 1992) as the IMP 8 data. The two V o y ager spectra dier, though in no coherent manner. The time-shifted spectrum appears to be representative of the Voyager 2 ux spectra in general, and should certainly be adequate to look for outer heliosphere evidence of solar oscillations.
Conclusions
The periodograms from several dierent plasma data sets, from dierent experiments on the same spacecraft (IMP 8 solar wind plasma and magnetic eld data) and from a similar experiment on another spacecraft (Voyager 2 solar wind plasma data) were examined to look for frequencies associated with solar oscillations. The results show frequency spectra which are packed with peaks of varying strength. It is dicult to assign statistical signicance to the peaks because of the non-Gaussian distribution of the data, and also because it is very dicult to determine the number of independent frequencies being studied. Nevertheless, the strengths of the various peaks are still useful as indications of their relative signicance within a particular frequency range. As many observed peaks are stronger than peaks associated with potential oscillation frequencies, it is unlikely that those oscillations are major contributors to the frequency spectra of solar wind plasma and magnetic eld data. Because of the statistical uncertainties involved, the observation that the solar oscillation frequencies are weak compared to other frequencies in the same range cannot be equated with denying their presence. However, investigation into the identication of an articial signal placed into a real data set places severe constraints on the amplitudes of such oscillations.
Also note that there appears to be interaction between the solar rotation frequency and the data set sampling that produces some of the observed peaks. This eect was especially apparent in comparisons of spectra of data with those calculated for 27-day period sine waves sampled at the data times. These peaks appear in addition to the expected harmonics of the solar rotation, and could be a result of the spectral analysis technique chosen.
Finally, it is important t o p o i n t out that use of frequency coincidence (agreement between peaks of spectra from dierent data sets) can be misleading as a test of statistical signicance. If, as was the case with the 35-minute periodicity discussed here, there is coincidence even between data sets from dierent instruments on dierent spacecraft , it may only mean that similar nonphysical sources generated those frequencies. Therefore, the potential sources of coincident frequencies need to be carefully investigated before that coincidence is used as a measure of condence in the spectra. 
